Based on adaptive sliding mode control method, this paper considers the interception problem to deal with both impact time and angle constraints. The stability and convergence characteristic of proposed guidance law are analyzed. The requirements of the terminal constraints and minimum miss distance can be satisfied. An adaptive law is put forward to adjust the guidance gain. The simulation results indicate that the missile with proposed guidance law can intercept the target successfully with not only desired impact time but also expected impact angle. The interception task can be fulfilled in a satisfactory manner.
I. INTRODUCTION
The elementary objective of missile guidance is to attack the target effectively with minimum miss distance. For the reason that some developed targets nowadays are equipped with antimissile defense systems, conventional guidance law is hard to fulfill the mission generally. Therefore, various terminal constraints should be considered for guidance design in some situations [1] , such as the impact angle control guidance (IACG) [2] and impact time control guidance (ITCG).
The IACG has drawn great attentions in plenty of previous researches [3] . A guidance law with impact angle constraint is proposed in [4] based on sliding mode control and finite time convergence theory. The drawback of this approach is that the singularity may arise during the algorithm implementation. A guidance law in consideration of the interception angle is developed in [5] to attack the target in head-pursuit, tail-chase and head-on engagement scenarios. Optimal control theory is also introduced to design guidance laws with impact angle constraint [6] - [8] , but the performance may degrade under large heading errors [9] .
The ITCG aims at intercepting the target at desired impact time. An interesting application of ITCG is to achieve salvo attack and increase the attack probability. A Lyapunovbased impact time guidance law is proposed in [10] to hit the stationary target, in which two-dimensional and threedimensional impact time guidance laws are presented by means of Lyapunov stability theory. In [11] , a polynomial function of the guidance command is used to propose a biased The associate editor coordinating the review of this manuscript and approving it for publication was Qi Zhou. PNG for impact time control. Two coefficients in polynomial are introduced to achieve minimum miss distance and impact time respectively. In [12] , a guidance law is put forward for adjusting the impact time using sliding mode control. The impact time requirement could be achieved under this guidance law even when the interception time estimation is larger than desired impact time. In [13] , a nonsingular sliding mode guidance for impact time control is presented. A positive continuous nonlinear function is employed in this guidance law to prevent the singularity.
Although numerous researches in terms of ITCG or IACG have been presented, only few studies focused on controlling the impact time and angle simultaneously. In [1] , an optimal guidance law with the impact time and angle constraints is proposed with two terms to control the zero miss distance and constraint conditions. The polynomial guidance law is developed in [14] considering impact time and angle constraints. The guidance command in this approach is designed as a polynomial function with three unknown coefficients to achieve the requirements of the terminal constraints and zero miss distance. The sliding mode control algorithm is also applied to design guidance laws in [15] for controlling impact time and angle at the same time. However, the gain selections in above guidance laws are in dependence of artificial experience or accurate state information. Therefore, a way to adjust the gain with dynamical adaptation is needed [16] - [18] .
For the superiority of driving the error variable and its derivative to the domain in finite time [19] , the super-twisting (STW) sliding mode or second-order sliding mode algorithm has drawn wide attentions in guidance design. A supertwisting guidance law is designed in [20] to reduce the undesired chattering which exists in normal sliding mode control. Based on second order sliding mode control, a guidance law considering impact angle constraint is proposed in [21] for intercepting maneuvering targets with unknown acceleration bounds. To intercept the maneuvering target, the super-twisting algorithm is applied in [22] to design the guidance law for terminal impact angle control. Without terminal constrains, a smooth second-order sliding mode guidance is proposed in [23] for missile-interceptor system using homogeneity-based technique. The uncertainties generally exist in practical system. The adaptive control has been seen as an effective tool to overcome such adverseness [24] , [25] . In consideration of the input-delay constraint, an adaptive cooperative guidance law is presented in [26] with the unknown maneuvering acceleration of target.
Based on nonsingular adaptive sliding mode (NSASM) algorithm, a guidance law with impact time and angle constraints is proposed in this paper. In comparison with the existing researches, the main contributions of this paper can be summarized as follows.
1) The proposed guidance law can satisfy both impact time and angle requirements.
2) An gain self-adjustment scheme is presented with an adaptive law.
3) The finite-time convergence can be achieved under the proposed strategy.
Section II states the problem. In Section III, the proposed guidance law is presented in consideration of the impact time and angle constraints. The convergence analysis is provided as well. In Section IV, the simulation is carried out to verify the performance of proposed guidance law. Conclusion is made in Section V.
II. PROBLEM STATEMENT
Consider the scenario that the missile intercepts a target. Planar engagement geometry is shown in Figure. 1. The velocity of missile is denoted as V M . The LOS angle and relative distance between the missile and the target are denoted as θ and R. Then the kinematic engagement can be described by [27] 
where γ M is the flight-path angle of missile, a Mt and a Mn are the tangential acceleration and normal acceleration respectively, θ M = γ M − θ denotes the lead angle.
III. DESIGN OF GUIDANCE LAW FOR IMPACT TIME AND ANGLE CONTROL
In this section, a guidance law is designed in consideration of the impact time and angle constraints. The objective of this guidance design is to achieve target interception with desired impact time and angle constraints. The stability analysis is provided as well.
A. GUIDANCE LAW DESIGN
The impact time can be expressed as
where T d represents the desired impact time, t is the time elapsed after launch of the missile, t go denotes the time to go. The time to go estimation is given by:
Considering the impact time and angle constraints, we define two sliding mode variables as
where 0.5 < ρ < 1 and µ > 0 are designed constants. e θ = θ − θ d is the angle tracking error, where θ d is the desired LOS angle.
The proposed NSASM guidance law is given by
where α 1 , α 2 , k 1 and k 2 are positive constants. To avoid the singularity, if e θ = 0 and s 1 = 0, ϕ(e θ ) = 0, otherwise, ϕ(e θ ) = µρ |e θ | ρ−1 . The existence of k 2 is used for disturbance suppression. An adaptive law of k 2 is defined as follows. Case 1: |s 1 | = 0, k 2 is given bẏ
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Case 2: |s 1 | = 0, k 2 is the solution of k 2 (t) =k 2 |φ| + λ τφ + φ = sgn(s 1 ) (10) withk 2 = k 2 (t * ) , λ > 0 and τ > 0. t * is the largest value such that, by denoting t * − the time just before t * , s 1 (t * − ) = 0 and s 1 (t * ) = 0. It is reasonable that a positive constant k * 2 exists so that:
Derived from (1), the relation between the acceleration and the LOS angle θ can be given bÿ
Taking into account of the relation between the acceleration and the LOS angle θ , we can obtain:
Assume that e θ = 0 in initial time, the Lyapunov function V 1 is defined as
Then the derivative of V 1 satisfies:
Substituting (6) and (7) into (13), the following results can be obtained:
In view of |s 1 | 3 / 2 > 0, thus we can further derived thaṫ Lemma 1 [28] : If x i ∈ R. i = 1, · · · , n. 0 < p ≤ 1, then inequality can be established:
Select γ 1 to satisfy γ 1 <k 2 , in view of Lemma 1, the following result can be obtained further:
In the case of e θ = 0, the sliding variable turns into s 1 =θ. The inequation (15) still holds on this occasion. Lemma 2 [29, 30] : Consider a positive definite Lyapunov function V , there exists real numbers r > 0 and 0 < σ < 1, such thatV (t) ≤ −rV σ (t). Then V converges to zero in finite time. The settling time is given by:
where t 0 is the initial time. According to Lemma 2, V 1 is locally finite-time convergent from T 0 with a settling time:
In consideration that once s 1 = 0 reached, the adaptation algorithm (10) could keep trajectories of system s 1 = 0 [31] .
Then we haveė
Furthermore, we consider another Lyapunov function candidate:
The time derivative of V 2 can be given bẏ In accordance with Lemma 2, e θ will locally converges to zero in finite time:
Hence, when t > T 2 , e θ = 0 andθ = 0 can be achieved. We havë
The derivative of s 2 can be given by:
Substituting (6) and (7) into (21), we can obtain:
The Lyapunov function V 3 is chosen as:
The derivative of V 3 can be given by: In accordance with the LaSalle theorem, the asymptotic convergence of s 2 and υ can be achieved. The system has the negative homogeneity degree equal to −1. In consideration of the homogeneous theory in [32] . The finite-time convergence can be obtained.
Note that, once e θ = 0 andθ = 0, the requirement of angle constraint can be satisfied. s 2 = 0 actually indicates that the proposed guidance law in (6) and (7) is capable of meeting the demand of impact time constraint. It can be deduced from above analysis that the acceleration component u 1 in (6) and (7) is employed to make the relative velocity perpendicular to LOS line, while u 2 is to adjust the arrival time.
IV. SIMULATION AND ANALYSIS
In order to validate the effectiveness of proposed guidance law, the numerical simulation is carried out for a variety of scenarios in this section. The parameters of proposed NSASM guidance law are adjusted as α 1 = 0.45, α 2 = 0.2, µ = 0.1, k 1 = 0.5, k 2 (0) = 0.03,k 2 = 1.5, λ = 0.1, τ = 0.01, V M = 600m/s, ρ = 0.6. Table 1 . The tangential and normal accelerations of missile are bounded byā Mt = 100m s 2 andā Mn = 200m s 2 . The desired impact time and LOS angle are set as 20s and π /4 respectively. To verify the guidance performance, the proposed NSASM guidance law will be compared with the general sliding mode (SM) guidance law with constant gain k 2 = 0.7. Fig 2 shows the simulation results of intercepting stationary target. It can be found from Fig 2(a) and Fig 2(b) that the missile under two guidance laws can intercept the target successfully at desired impact time. The missile goes straight to make a trial to intercept the target. After a dynamic regulation stage, the rate of LOS angle converges to zero to steer the relative velocity toward the LOS line. The convergence is a significant condition for achieving accurate time-to-go estimation. The demand of LOS angle constraint can be satisfied in consistent with the theoretical analysis. It is worthy to notice that the acceleration under SM guidance law exists serious chattering, whereas the certain smoothness of acceleration can be sustained under NSASM guidance law for the self-adjustable gain.
B. SALVO ATTACK
The final simulation is implemented for validating the application of salvo attack. Three missiles with different position conditions as listed in Table 2 are employed to intercept the target at desired impact time T d = 40 s. The desired impact angles are set as π /6, π /4 and π /3 respectively. Fig 3 shows the trajectories of the missiles in (X, Y) space, missile-totarget distances, the LOS angle and its rate. The response tendencies of state variables are similar to the results shown in Fig 3. It can be seen from Fig 3(a) that all the missiles from different initial positions could capture the target successfully. From Fig 3(b) and Fig 3(c) , it is clearly illustrated that every missile satisfies the given impact time and angle constraints. A favorable convergence of LOS angle rates is also achieved.
V. CONCLUSION
Based on adaptive sliding mode control algorithm, a guidance law with impact time and angle constraints is proposed in this paper. The mathematical model is given firstly. Then the guidance law is proposed for intercepting the target with terminal constraints. By means of designed adaptive law, the gain of proposed guidance is adjusted with respect to the system state. The stability and convergence characteristic of proposed guidance law are also analyzed. The simulation results indicate that the proposed guidance law could meet the requirements in a satisfactory manner. Extending the results to the cooperative guidance [28] or containment control [33] will be an interesting trial in future works. 
